of the micron-nanometer grain size on microstructureproperties evolution of HoMnO 3 multiferrroic ceramics is higlighted.
Introduction
The rare earth manganites, RMnO 3 are used in multiferroics and magnetoelectric devices applications. This class of material, in general exhibits strong magnetic exchange interactions between the magnetic moments of the manganese (Mn 3+ ) ions as well as some of the magnetic rare earth (R 3+ ) ions [1] . The magnetoelectric effect makes the magnetoelectric multiferroics interesting materials for future information-technology devices in which data can be written to magnetic memory elements by applied electric fields. The hexagonal manganites RMnO 3 (R=Sc, In, Y, Ho) are one group of magnetoelectricmultiferroics. In particular, HoMnO 3 (HMO) is a strong magnetoelectric material in the sense that its magnetic phase at low temperature can be controlled by an applied electric field [2] . The selection of an appropriate manufacturing process is the key to obtain nanocrystalline powders with high homogeneity and uniform structure. In the present work, the mechanical alloying technique is employed. This technique was chosen to benefit from its relatively higher yield of nanoparticles compared to that from any wet chemistry technique [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . Normally, most researchers would tend to employ the lowest solid-state sintering temperature to obtain a controlled microstructure and fully dense polycrystalline materials. However, the cause-and-effect sequence that occupies the ferrite literature is an experimental sequence focused mainly on yielding the final outcome, i.e. the final composition-microstructure-magnetic properties relationship [17] [18] [19] [20] . It is interesting to study theoretically Abstract The influence of temperature on microstructural, structural and ferroelectric evolution properties of multiferroic holmium manganese oxide (HoMnO 3 ) ceramics were investigated. HoMnO 3 ceramics were synthesized using a mechanochemical reaction of Ho 2 O 3 and Mn 2 O 3 powders in a high energy ball milling machine. The powder were sintered from 600 to 1250 °C with 50 °C increments. The results shows the microstructural, structural and ferroelectric hysteresis loop were observed to be dependent on sintering temperatures. The XRD characterization suggests an improvement of crystallinity with increasing sintering temperature. The hexagonal HoMnO 3 were observed at temperature ≥1200 °C with the grain size of around 1600 nm. SEM micrographs showed larger grain size as the sintering temperature increased. The SEM results revealed a transformation of crystal structure occurs from orthorhombic to hexagonal at larger grain size regime. Polarization P-electric field E ferroelectric properties were observed to be enhanced with the increase of grain size through sintering temperature. The ferroelectric behavior was observed to change with the change of microstructure along with the structure transformation from orthorhombic to hexagonal. A complete systematic studies and experimentally how these two properties behave in polycrystalline and the evolution with the microstructure. Extensive research had been merely carried out on samples at final sintering temperature by neglecting the parallel evolution of microstructure and material properties at various intermediate sintering temperatures. Consequently, systematic studies on microstructure-properties evolution in the nanometer grain size regime are still absent in this multiferroic materials. Hence, in this work, microstructure-property relationships, for a series of rising sintering temperatures and the parallel evolutions of the microstructure and multiferroic properties will be investigated. The work aims the multiferroic characteristics of HMO are influenced by its evolving microstructure [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] .
Methodology
Holmium manganite (HoMnO 3 ) was prepared from oxides powders, Ho 2 O 3 (99.99% Strem Chemicals) mixed with Mn 2 O 3 (99.99% Strem Chemicals) which were weighed according to their composition formula. These powders were later mechanically alloyed using a Spex8000D milling machine with a ball to powder ratio (BPR) of 10:1 for 12 h of milling time. The alloyed powder were then mixed with 2 wt% of PVA, used as a binder, and then uniaxially pressed into pellet shape with 10 diameter × 2 mm thickness. To complete the evolving series of temperature, the 14 pellet samples went through multi-sample sintering, where the samples were sintered from 600 to 1250 °C with 50 °C increments.The X-ray diffraction (XRD) pattern of the samples was obtained in the 2θ range (20°-80°) using CuKα radiation via PhilipsX'PERT diffractometer. The particle size of the starting milled powder was measured using a LEO912AB Transmission electron microscope (TEM). The sample density was measured using Archimedes' principle. The microstructural properties were studied using field emission scanning electron microscopy (FEI Nova NanoSEM 50 series). The ferroelectric (electric polarization as a function of electric field) measurement of sintered pellets was carried out using a ferroelectric hysteresis loop tracer precession premier II (Radiant make, USA). All hysteresis measurements of samples were taken at room temperature. Figure 1 shows the micrograph of the powder sample milled for 12 h which have been measured using transmission electron microscopy (TEM). The particle size was found to have an average around 27 nm as can be seen in the particle size distribution (Fig. 2) . Particles are known to have higher reactivity due to larger surface area for nanosized particles.
Results and discussion
The X-ray diffraction patterns of the powders sintered at different temperatures from 600 °C up to 1250 °C are shown in Fig. 3 . The XRD patterns confirm the formation of the single phase hexagonal structure after sintered at 1250 °C. At sintering temperature from 600 to 1200 °C, it is observed the formation of hexagonal holmium manganate (III) (HoMnO 3 ) (ICSD #PDF 98-010-8431) along with small amount of orthorhombic holmium dimanganese pentaoxide (HoMn 2 O 5 ) (ICSD #PDF 98-003-9269). The single phase of hexagonal HMO were observed for [21] [22] [23] . With increasing sintering temperature, intensities of the lower 2θ angle primary peaks, especially 112, 110, and 111 are seen to be increased significantly. At 1250 °C, all the hexagonal peaks are observed to be sharply grown with maximum intensity and minimum FWHM for all hkl reflection peaks. The results show that the crystallinity of hexagonal HoMnO 3 could not be formed via milling alone or without the sintering process because the energy imparted by the collision of the milling process to the starting powders might not be enough to increase the reactivity between the particles. Besides, without the sintering process, it will provide insufficient energy to stimulate reaction between particles. In addition, sufficient energy supplied during sintering is also needed to ensure that you achieve the required equilibrium cation distribution [24, 25] . Figure 4 shows the FWHM values whereas the FWHM values increase with decreasing grain size. Smaller grain sizes show relatively larger FWHM values, with broader diffraction peaks. This is attributed to the finite size of the grain. Grain size with 50 nm contain less than 50 unit cells. The finite grain size effect is related to the Scherrer formula [26] which shows a relationship between the particle size of very small crystals and diffraction peak broadening. The FWHM value for the sample sintered at 600 °C with smallest grain size (35 nm) is around 0.32 (°2θ) and started to decrease slowly until 0.16 (°2θ) at final sintering, 1250 °C with 2.9 µm size grains. The small FWHM values certify and indicate a good out-of-plane crystallinity in grains. The lattice parameters (a, b and c) of the HMO sintered samples at 600-1250 °C calculated from the (112) diffraction peak are listed in Table 1 and is shown in Fig. 5 respectively. Estimated values of lattice parameters of orthorhombic structure are 7.26, 8.46 and 5.67 Å respectively, whereas.
we notice that as the increase sintering temperature to 1250 °C, the lattice parameter 'a' is increased from 5.84 to 6.12 Å, and the value of lattice parameter b is decreased from 8.46 to 6.12 Å respectively. The value of lattice parameter a and b is now equivalent to lattice parameter a, which agrees the hexagonal structure whereas: The value of lattice parameter c is observed to be increased from 5.67 to 11.38 Å with the increase of sintering temperature. From the lattice parameter value, the transition of orthorhombic to hexagonal structure could be observed. On the other hand, within the same structure, unit-cell volume is decreased with increase of sintering temperature which indicates that the unit cell is getting compressed at higher temperature thereby causing a chemical pressure within the unit-cell volume. For orthorhombic structure, the lattice parameters have been calculated by using the Eq. (3)
As for hexagonal structure, the lattice parameter values have been calculated by using Eq. (4) As shown in Table 1 , the value of experimental density increases as temperature increased to 1000 °C, and decreases at 1050-1250 °C, due to phase transformation to a complete phase of hexagonal structure. The average grain size, relative density and porosity values were listed in Table 1 . During the sintering process, shrinkage can occur and the samples produced an entirely dense material without having certain porosity. At higher sintering temperature, density is decreased due to the intragranular porosity is increased. The crystal grain growth depends on grain boundaries migrating and larger crystal grains replace the small ones. During the growth the more different in size of crystal grains, the more beneficial for larger crystal grains to swallow smaller ones, so some pores inside
the sintered ferrites are eliminated and the crystal growth improves. When the grain growth rate is high, pores will be left behind by rapidly moving boundaries. As a result in pores that are trapped inside the grains. This discontinuous grains growth rise with high temperature and the bulk density is reduce [27] . The SEM micrographs were taken to understand the microstructure of the prepared HoMnO 3 (Fig. 6) . The SEM micrographs of the sintered pellets shown in Fig. 6a -n reveal the evolution of microstructure which involves samples sintered from 600 to 1250 °C. There are three stages of sintering; the initial, the intermediate and the final stage of sintering.
i. The micrographs of the samples sintered at 600 °C until 800 °C (Fig. 6a-f) shows that the samples exhibit initial stage of sintering. This stage involved rearrangement of the powder particles in samples sintered at 600 and 650 °C, and formation of strong bonds or neck at the contact points between particles for samples sintered at 700, 750, 800 °C. ii. SEM micrographs of the samples sintered at 850-1050 °C (Fig. 6g-k) respectively, exhibit intermediate stage of sintering where the amount of porosity decrease substantially and particles moved closer leading to shrinkage of the component. At this stage, the grain boundaries (and grains) were formed and move so that some grains grew at the expense of others. iii. As the sintering increased, the pore channels are disconnected and isolated pores were formed. Microstructural at higher sintering temperatures: 1100, 1150, 1200 and 1250 °C (Fig. 6 k-n respectively) corresponded to the final stage of sintering. In this stage, the pores became closed and were slowly eliminated generally by diffusion of vacancies from the pores along grain boundaries with only a little densification of the component. The grain boundaries are regions of more open crystal structure than the grains themselves so that the diffusion along them is more rapid. Grain size increased with increasing sintering temperature and more grains with hexagonal structure could be observed in this stage. The results demonstrate that the samples in multi sample sintering possessed a transition from slow, moderate and rapid grain growth. The grain size distributions show the evolution trend of the grain growth. From the grain size distribution, slow rate of grain growth could be observed to occur at 600-900 °C (from 30 to 65 nm) continued by moderate increased at 950,1000 and 1050 °C (from 108 to 296 nm) respectively. The grain growth were observed to be aggressively increased at 1100 °C up to 1250 °C (854-2.9 μm) which might be due to formation of hexagonal HMO single phase. From Coble's theory [28, 29] follows that the Arrhenius equation can be used to predict the activation energy of grain growth from the behavior of the particle growth as given by the Eq. (5): where Q is the activation energy, T is the absolute temperature (K), R is the ideal gas constant and k is the specific reaction rate constant. The value of k can be directly related to grain size, which results in the Eq. (6) [30] , where A is the intercept, T is the absolute temperature (K) and D is the grain size. By using Eq. (6), a best fitted straight-line plot of grain size where a plot of log D versus the 1/T could be obtained as seen in Fig. 8 . From Eq. (6), the slope of the line which is -Q/2.303R and the value of activation energy of grain growth (Q) can be calculated from the Arrhenius plot. Figure 7 shows the decrease of the activation energy with grain size reduction there exist 3 slopes of the plot which corresponding to the Arrhenius equation. The phenomenon can be explained as follows:
Slope 1 The activation energy slope value first in this region was calculated to be 35.79 kJ/mol. As exposed in XRD result (Fig. 3) , this group belongs to sample sintered from 600 °C up to 1000 °C which consists of mixed crystal structure of orthorhombic and hexagonal. As grain size increased, hexagonal structure is dominant in the sample. Diffusion process (fast or slow necking) which have varying the difficultier (barriers) in the diffusion process also take place in this region of grain sizes.
Slope 2 In this region, the slope has a larger activation energy value than the first region that is 219.12 kJ/mol.
The higher value of energy indicates a full transformation from orthorhombic to hexagonal occurred at this stage in 1050 °C sintered sample. Higher energy required in order to supply sufficient thermal energy during transformation. Slope 3 The value is slightly higher compared to the previous slope that is 221.88 kJ/mol. The energy at this stage required in order to form a fully crystalline phase with larger grain size. This is agreed with the XRD spectra in which at this stage own a high degree of crystallinity. It is no longer due to the necking process which has been completed, but due to the process of grain boundary shifting or movement involving atomic diffusion for grain growth. Thus, it requires more energy. Room temperature P-E hysteresis loop behaviors of HMO sintered at different temperature with average grain size starting from 30 nm to 2.9 µm shown in Fig. 8 . As shown in the polarization P and electric field E hysteresis graph as a function of grain size (Figs. 9, 10 ), in general, the response for polarization P (µCcm −2 ) were increasing as the grain size increased until the final sintered sample at 1250 °C due to the reduction of amorphous contain and increasing of degree of crystilinity of the HMO samples.
Further sintering process shows the increasing of average grain gives a good response in P-E hysteresis loop in which the P r and E c values were all increased ( Table 2 ; Figs. 9, 10 ). The contribution of bigger grain size, reducing of the second phase peak and high degree of crystallinity showed a better response of electric field and polarization. HMO samples shows fluctuation in coercive field values but the response shows less involving of free charges than the bound charges in P-E hysteresis loops. The different probability ferroelectric behavior exhibits and it had transition temperature that is boundary with ordered moment and disordered moment, around reported review. The split in the hysteresis loop when it reversal occurred due to the sudden reversal of electric field (E) causes sharp reduction of negative remanent polarization. From the P-E loops for HMO, it shows that: i. The remanent polarization (P r ) could not sustain itself due to sudden electric field (E) reversal, thus-P r reduces to a lower value, and ii. Small reversal of E field is enough to cause a large decrease of-P r .
Also the sudden E reversal may mean significant energy is suddenly supplied to the remanent dipole causing some bound charges to be set free, thus reducing the-Pr value. Thus, the HoMnO 3 clearly shows a leaky ferroelectric behavior mentioned in previous report [31] . HoMnO 3 is ferrielectric material, because of the both holmium positions have a dipole moment parallel to the c axis and antiparallel to each other. The electric polarization is cancelled by inversion twinning [32] . Generally, the Pr values were found to increase as the sintering temperature increased from 600 to 1250 °C, reaches a maximum value. Pr values were all increased generally when the grain size increased. This pure HoMnO 3 is much leakier compared with doped samples found in the reported literature [21] . With increase the sintering temperature at 1250 °C, the shape of P-E hysteresis loop as well as P r and E c are significantly increases with saturation polarization P r value of 8.68 µC/ cm 2 and coercive field E c of 2143.78 V/cm. These P s and E c observed higher than reported by Rout et al. [21] . This encouraging results can be seen with the structural (XRD) dan microstructure (SEM), as in Figs. 3 and 6 , respectively. At higher sintering temperature (1250 °C), the samples became fully sintered, the grain size growth uniformly (2.9 µm) with small % of pores (15.97%) compared to low sintering temperature (600 °C), results the saturation polarization P r of 0.03 µC/cm 2 and coercive field E c of 15.82 V/ cm with 30 nm grains size and 39.14% porosity, which is much lower that higher temperature sample [33] [34] [35] .
Conclusion
HoMnO 3 was successfully synthesized via high energy ball milling technique. The results revealed that the influence of sintering temperatures on the microstructural and ferroelectric evolution properties. The formation of complete phase of hexagonal structure was observed at 1200 °C sintering temperature. The evolution of microstructure from nanometric to micron grains revealed, in which the series of the samples could be explained by initial, intermediate and final sintering stage to be a process of multiple activation energy barriers.The room temperature P-E hysteresis measurement show the dependent of saturation polarization value to its grain size in which they are all increased with grain size increased due to increase in sintering temperature. These observation can be explained by evolution profile of crystallinity, microstructural and phase-purity changes.
